Eryngium viviparum (Apiaceae) is an endangered endemic plant of the Atlantic region of Europe, 16 growing in seasonally flooded sites. The species is characterized by a highly disjunct distribution. 17
Ongoing habitat destruction, mainly induced by human activities, is described as "the most serious 39 threat to biological extinction crisis" by causing a reduction and fragmentation of species geographic 40 range (Wilcox & Murphy, 1985; Saunders, Hobbs & Margules, 1991; Sala et al., 2000) . Consequently, 41 natural populations became smaller and more isolated in anthropogenic landscapes (McGarigal & 42 Cushman, 2002; Fahrig, 2003) , and more sensitive to demographic and genetic stochasticity (Young, 43 Boyle & Brown, 1996; Lowe et al., 2005; Ouborg, Vergeer & Mix, 2006; Honnay & Jacquemyn, 2007) . 44
As gene flow appears to be restricted in fragmented species, an erosion of genetic diversity within 45 isolated populations and an increase of the genetic divergence with other populations are expected 46 (Young & Clarke, 2000; Newman & Tallmon, 2001 ). In the initial stage after the isolation, both the 47 number of polymorphic loci and the number of alleles per locus decrease, due to bottleneck and 48 genetic drift (Ellstrand & Elam, 1993; Young et al., 1996) . If isolation persists, the population can 49 experience a significant decrease of vigor and fecundity due to the increased inbreeding and the 50 accumulation of deleterious alleles (Lynch, Conery & Burger, 1995; Higgins & Lynch, 2001; Keller & 51 Waller, 2002; Reed & Frankham, 2003) . In the short-term, the fragmented population becomes more 52 vulnerable face to environmental stochasticity, and population extinction risk can drastically increase 53 (Huenneke, 1991; Young et al., 1996) . On the long-term, genetic depletion reduces the population 54 ability to adapt to any environmental change (Barrett & Kohn, 1991) . Genetic drift, consequent to 55 isolation, also contributes to increase the genetic differentiation between the isolated population and 56 populations in the core distribution of the species ( species vulnerability face to these negative consequences also varies according to any life-history trait 60 that reduces the effective population size such as a short-life cycle (Young et al., 1996) , and selfing 61 (Hamrick & Godt, 1989) . In contrast, the ability to reproduce clonally may buffer the genetic events 62 (Gitzendanner & Soltis, 2000; Honnay & Bossuyt, 2005) . 63
Integrating genetic variation has become a key element of practical conservation and adapted 64 management (Holsinger & Gottlieb, 1991; Hamrick & Godt, 1996; Rieseberg & Swensen, 1996; 65 Escudero, Iriondo & Torres, 2003) and is particularly relevant when reintroduction or reinforcement 66 are planned (Mistretta, 1994; Havens, 1998; Falk et al., 2006; Neale, 2012 Convention. It occurs in vernal pools, highly specific of these open habitats maintained by the 77 temporary flooded system and traditional farming practices (Jovet, 1939) . In the 1980's, Eryngium 78 viviparum experienced a rapid population decline throughout its natural range, especially in France, 79 leading to a highly fragmented Ibero-Armorican distribution (Fig. 1 ). The reduction of suitable habitats, 80 due to change in farming practices and urbanization, is a significant threat for the survival of the species 81 (Magnanon, Hardegen & Guillevic, 2013). In France, it is considered as critically endangered (Olivier, 82 1995) as only one population remains. For these reasons, several protection measures has been 83 applied since 1987, including annual monitoring, demographic studies, and conservation management 84 of the population. More recently, a National Action Plan (NAP) was implemented, which supports the 85 long-term conservation of Eryngium viviparum in France (Magnanon et al., 2013). This program 86 includes notably the restoration of extinct populations. This latter aspect implies to define the best 87 genetic sources to be reintroduced. Despite the strong isolation of the French population and its 88 reduced spatial distribution (0.1 ha), annual census showed an increasing population between 1994 89 and 2016 (from 1 500 to 10 000 individuals), including an average of 30% of flowering plants over the 90 summer (Guillevic, unpublished data). However, considering the clonal ability of this species, the 91 effective population size should be significantly lower than the demographic one. 92
The aim of this study is to investigate the genetic status of the remaining Eryngium viviparum French 93 population. Using microsatellites markers, specifically designed for the study, we compared the within 94 population genetic diversity between the French population and the Iberian populations (Spain and 95 Portugal), to infer consequences of isolation. According to the theoretical models in population 96 genetics, it is expected that this population has a low genetic diversity. We also identified which Iberian 97 population is the most genetically related to the French one, in order to provide practical 98 recommendations for the reintroduction plan. Under these objectives, ecological differentiation 99 between Eryngium viviparum populations is also evaluated, based on climatic and vegetation data. (Table 1) . 125 126 Genomic DNA was extracted from dried leaves using the CTAB protocol from Doyle & Doyle (1990) . 127
The genotypes of each individual were characteized using 7 operational microsatellite markers (Table  128 2) specifically developed for Eryngium viviparum by the biotechnology company "Genoscreen" (Lille, 129 summarized in 5 classes: 1: < 500 individuals; 2: 500 to 2 000 individuals; 3: 2 000 to 10 000 individuals; 147 4: 10 000 to 50 000 individuals; 5: > 50 000 individuals. Geographic distance to the nearest existent 148 population was estimated from GPS coordinates and used as connectivity indice (Table 1) Weinberg equilibrium were tested with a significance level of 5% using GENEPOP 4.0 (Rousset, 2008) . 170
When multiple tests were involved the sequential Bonferroni correction was applied to adjust 171 significance values (Rice, 1989) . 172
Several genetic diversity parameters, including average number of alleles per locus, the observed 173 heterozygosity, the unbiased expected heterozygosity, and the fixation index were computed using 174 The number of alleles per locus varied from 5 (pmEV01) to 19 (pmEV04). Only the locus pmEV05 220 showed sign of null alleles with frequencies ranging from 0.08 to 0.41. This locus is the only one 221
showing a significant heterozygote deficiency (P < 0.01, Table 2 ). 222
Among the 231 tests used to detect for linkage disequilibrium between loci, only three were significant 223 after the Bonferroni correction: pmEV04/pmEV17, pmEV04/pmEV09, and pmEV05/pmEV09 (P < 224 0.001). Hardy-Weinberg equilibrium was tested at each locus for each population and only three tests 225 (out of 77) showed a significant deviation from Hardy-Weinberg expectations after Bonferroni 226 correction for loci pmEV04 and pmEV05 in the N3 population and locus pmEV05 in N2 population (P < 227 0.001). This is congruent with presence of null alleles for pmEV05. 228 229 GENETIC DIVERSITY WITHIN POPULATIONS 230 231 As expected, the French population showed the lowest values for the three parameters estimating the 232 within-population diversity ( Table 3 ). The French population was the only one with a significant 233 heterozygote deficit (FIS=0.17, P < 0.05, Table 3 ). Genetic diversity was quite similar among the Iberian 234 populations, with the exception of the smallest population (S2), which had the lowest genetic diversity 235 (Table 3) , but which was nevertheless twice that in the French population. These results are congruent 236 with the ratio between the number of multilocus genotypes and the sample size (Table 3 ). The French 237 population showed the lowest value and all the Iberian populations showed high values. However, no 238 similar multilocus genotype was detected across populations. 239
None of the genetic diversity parameters were correlated with population size (P > 0.05), with or 240 without the French population. In contrast, distance to the closest population, used as a connectivity 241 index, was correlated to NA, HOBS and FIS (R=-0.61, -0.66, and 0.69 respectively, P < 0.05) when 242 considering the French population, but not anymore when excluding it (P > 0.05). 243
244

PAST DEMOGRAPHIC DYNAMICS 245 246
According to the N ratio estimates produced by Migraine, no population showed a significant 247 demographic expansion (P > 0.05). A bottleneck (N ratio> 1) was detected in most of the sampled 248 populations, and all of them have recovered allelic diversity (Table 3) . Consistent with the low diversity, 249 a bottleneck was also detected for the French population (Table 3) . the genetic differentiation was also high (FST=0.24). Pairwise FST values ranged from 0.04 to 0.6, and 26 257 values out 55 were > 0.25 (Table 4 ). Isolation by distance tested using the correlation between FST/(1-258 FST) and log(geographical distance) was significant considering the 11 populations (R=0.65, P < 0.01, 259 Nei DA and log (geographical distance) was also significant whether the French population was 261 included, or not, in the analysis (R > 0.58, P < 0.001). 262
263
The PCA also suggested differentiation between the FRENCH and Iberian populations (Fig. 3A) . This 264 observation is also consistent with the structure analysis. According to the Δ(K) method, the most 265 appropriate value of K given for our data was K=4 (Fig. 3B) Moreover, only one rare allele was found for the French population for the pmEV09 locus (frequency 306 <5%), and no private allele was observed, suggesting an absence of specificity for this population 307 considering these seven microsatellites. Conversely, some Iberian populations display private alleles 308 and a global high multi-locus allelic diversity, except for S2, the smallest one, which appeared twice 309 diversified than the French population. The level of genetic diversity detected in the French population 310 appeared especially lower than those noticed in other endangered Apiaceae, such as its congeneric 311 Reed & Frankham, 2003) . Correlation between 374 population size and reduction in fitness is a common pattern for plants (Reed, 2005) . Indeed, a 375 decrease of the viability of both seeds and seedlings seems already to occur in the French population 376 (Guillevic, pers. com.). Moreover, ex situ germination experiments show lower germination rates for 377 seeds sampled on French individuals (30%) than seeds collected on Iberian individuals (80%, Gautier, 378 pers. com.). These observations combined to our results imply that restoring the genetic diversity in 379 the French population should be considered. 380
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